Simulation of infiltration and surface runoff, two closely-correlated processes during rainfall events (wet time periods), is critical to water quantity and quality studies for both surface and subsurface systems. Partitioning rainfall into these two primary water pathways is fundamental to any hydrologic modeling. In a continuous hydrologic model, it is also essential to simulate drainage and redistribution of soil water between two rainfall events (dry time period). A new algorithm is proposed to simulate infiltration into a layered soil profile of arbitrary initial water distributions under unsteady rainfall and the resultant surface runoff. Two distinct periods, preponding and post-ponding, are taken into account. The model tracks the movement of the wetting front along the soil profile, checks the ponding status, and handles the shift between ponding and non-ponding conditions. The model is further extended to complex rainfall patterns that include both wet time periods with unsteady rainfall and dry time periods without rainfall by incorporating a compartmental model that accounts for drainage and redistribution in the soil profile. Furthermore, a Windowsbased modeling system, HYDROL-INF, is developed, which integrates preprocessing of data, model run, and post-processing in a user-friendly Windows interface. To facilitate parameter estimation, a parameter database is developed and incorporated. Additionally, the HYDROL-INF system also includes some useful hydrologic tools/calculators that can be used in applied hydrologic investigations.
Introduction
A variety of modified Green-Ampt models have been developed for simulating infiltration in soils. Basically, they distinguish each other primarily based on two assumptions related to soil properties and rainfall characteristics. Some models are only applicable to homogeneous soils for steady (Mein and Larson 1973) or unsteady (Chu 1978) rainfall events. Efforts also have been made to account for the variability in soil properties and their influence on infiltration into a soil profile (Childs and Bybordi 1969; Hachum and Alfaro 1980; Selker et al. 1999) . In these modified Green-Ampt models suitable for non-uniform soils, an initially ponded condition was generally assumed. Based on the Green-Ampt approach, Chu and Mariño (2005) developed an algorithm that was able to simulate infiltration into a layered soil profile of arbitrary initial moisture distributions under unsteady rainfall, handle the dynamic shift between ponding and non-ponding conditions, and eventually partition the rainfall input into infiltration and surface runoff. In this presentation, we further extend that modified Green-Ampt model for a continuous modeling for complex rain patterns that include multiple rainfall events and the intermediate dry time periods. Particularly, a user-friendly Windows interface is developed, which facilitates preprocessing of input data, model run, and post-processing of simulation results. For continuity, some theoretical background regarding the modified Green-Ampt model is briefly described in the following section.
Model Development -Modified Green-Ampt Model for Layered Soils

Determination of Ponding Condition:
The soil profile is divided into N c distinct soil layers. In addition, the soil profile is also characterized by a number of rainfall zones that are determined by soil water deficit and the amount of rainwater. Each soil-rainfall cell (overlapped soil layer and rainfall zone) possesses uniform soil properties and constant rainfall intensity. Before ponding (rainfall intensity r < infiltration rate i), all rainwater infiltrates into the soil as the wetting front moves downward. If a ponded condition is achieved (r = i) at a depth of z p in soil layer n p and rainfall zone m p at time t p , the location of the wetting front (depth z p ), ponding time (t p ), and cumulative infiltration (I p ) are respectively given by (Chu and Mariño 2005) 
where z = depth; K = effective hydraulic conductivity; h s = pressure head (suction); r = rainfall intensity; t = time increment; f = difference between saturated water content and initial water content; and I = cumulative infiltration. Following the time shift method proposed by Chu (1978) , the equivalent time t pd ( Fig. 1) for the wetting front to reach a depth of z p under an initially ponded condition can be calculated by
Thus, the initial time t 0 , at which a ponded condition is assumed, and the shifted time t z are respectively given by ( Fig. 1 )
Post-Ponding Computation
Since the rainfall intensity is greater than the infiltration capacity after ponding, the excess rainfall will first fill the surface storage and then contribute to surface runoff (Fig. 2) . Under the ponding condition, the actual infiltration rate f equals the infiltration capacity i z . The overall mass balance equation for the surface zone at time step k can be written as:
where P = cumulative rainfall; I = cumulative infiltration; S k = surface storage; and R = cumulative surface runoff. Since the rainfall intensity varies with time for an unsteady rain event, it is critical to check the ponding status at any time during the post-ponding computation. If
, the ponding condition is no longer satisfied and the computation should be shifted back to the pre-ponding computation. In HYDROL-INF, the model automatically checks the ponding status, handles the shift between ponding and non-ponding conditions, selects corresponding equations, and outputs appropriate modeling information (Fig. 2) . Such a shifting cycle is generally repeated many times during the simulation, depending on the rainfall variability and soil hydraulic properties. 
Modeling for Dry Time Periods
Following a rainfall event, the water in the surface storage will continue to infiltrate into the soils. Drainage and soil moisture redistribution will persist during the subsequent dry time period. In addition, the soil system is also subject to evapotranspiration. In the current version of HYDROL-INF, a simple drainage model is used to account for soil water movement and moisture changes during the dry time period, based on the following conservation equation:
where = volumetric water content; q = water flux; and et = evapotranspiration rate. The finite difference expression for Eq. (8) can be written as
Water flux and water content for each soil cell are determined primarily based on Eq. (9) and a set of drainage criteria. Basically, water drainage of each cell is controlled by water availability and permeability characterized by unsaturated hydraulic conductivity, field capacity, and wilting point. The availability of water for a soil cell at a time step depends on the initial water content, inflow water from the overlying cell, and evapotranspiration. It is assumed that evapotranspiration, deceasing exponentially along the soil profile, occurs only if water content of the soil cell is greater than wilting point. It is also assumed that the soil water beyond field capacity is potentially able to drain down to a deeper soil cell under gravity and the 
where K s = saturated hydraulic conductivity; s = saturated water content; r = residual water content; and n = a soil hydraulic parameter.
Software Development -Windows-Based HYDROL-INF
To facilitate the modeling of infiltration into a layered soil profile and the resultant surface runoff, described in the preceding sections, a Windows-based HYDROL-INF software has been developed (Chu 2005) . The HYDROL-INF main interface (Fig. 3) is designed according to three fundamental modeling procedures: data preparation, model execution, and post-processing, which are covered by menus Data, Model, and Output, respectively. The Data menu consists of four types of input data/parameters associated with the simulation period, space domain and Fig. 3 Main interface of HYDROL-INF discretization, soil hydraulic properties, and meteorologic conditions. HYDROL-INF supports flexible data input methods. All time-and/or space-varying data, such as rainfall data, can be either inputted manually or imported directly from a textformatted file or a Microsoft Excel file. The input data can also be exported and saved to an external file. The Model menu includes data checking and model run. Simulation results can be displayed using the Output menu. It provides a set of mass balance tables (e.g., overall mass balance table, surface zone mass balance table, and vadose zone mass balance table) and other summary tables (e.g., soil water content and velocity tables). In addition, both incremental and cumulative rainfall, infiltration, and surface runoff graphs can be created via this menu. The simulation results can also be transferred to Microsoft Excel for further processing. This menu also provides detailed model output information on wet and dry time periods, ponding status, shift between ponding and non-ponding conditions, as well as the results of pre-ponding and post-ponding computations.
To help users to estimate model parameters and prepare the input data, a data supporting system has been developed and incorporated in HYDROL-INF. It can be accessed via the Parameter-Estimation menu. All parameters/data used in the model are detailed. The system covers all basic information (e.g., definition of the model parameters/data and estimation approaches) and includes a number of tables and figures that provide specific values/ranges of the parameters related to soil hydraulic properties and meteorologic information. The Parameter-Estimation menu also provides links to some web-based databases maintained by government agencies [e.g., USDA-NRCS National Soil Survey Geographic (SSURGO) Database, State Soil Geographic (STATSGO) Database, and NOAA National Climate Data Center (NCDC)].
In addition to the modeling components, some hydrologic tools/calculators have been developed and incorporated in HYDROLO-INF. For example, a computation tool is available for stream flow measurements in the Tools menu (Fig. 4) . The tool supports one-point method (0.6D, one velocity is measured at a depth of 0.6D for each vertical), two-point method (0.2D and 0.8D), and three-point method (0.2D, 0.6D, and 0.8D). The measured stream data can be directly inputted or imported from other files. In addition to computing water discharge, outputs also include the crosssectional area, width of the stream channel, overall averaged velocity, wetted perimeter, hydraulic radius, conveyance factor, and slope-roughness factor that can be further used for development of rating curves. Users can also create a cross-sectional graph based on the measured data and look up detailed equations and computation methods in the Windows interface. Some calculators are also available in the Tools menu for computing time of concentration and lag time. Seven different methods, including the NRCS TR-55 method (USDA 1986), are available for selection.
The last component in the HYDROL-INF interface is a standard Windows help system. It provides basic information about the model, Windows interfaces, and guidance for using the modeling system. From the Help menu, users can also access the relevant documentation, such as Introduction, User's Manual, and reference papers.
Summary and Conclusions
A Windows-based infiltration-runoff model, HYDROLO-INF was developed in this study based upon the Green-Ampt approach. The model was suitable for continuous simulation of infiltration into a layered soil profile of arbitrary initial moisture distributions, resultant surface runoff, as well as soil water drainage and redistribution for complex rainfall patterns that include both wet time periods with unsteady/steady rainfall and dry time periods without rainfall. The Windows interface particularly facilitates preparation of input data, model run, and post-processing of simulation results. In addition, some convenient hydrologic tools/calculators have been developed and incorporated in the modeling system. The software can be used for both theoretical and applied hydrologic studies. To enhance the HYDROL-INF software, we will incorporate different infiltration-runoff models, facilitate watershed hydrologic modeling, and add more hydrologic tools in the future versions.
